The formation of dityrosine of human insulin oxidized by metal-catalyzed oxidation system (H 2 O 2 /Cu) was estimated by fluorescent methods. The oxidation of tyrosine and phenylalanine residues present on the insulin molecule was evident after 2 minutes of in vitro oxidation due to the formation of protein-bound dityrosine. The success of oxidative protein modification was followed until available aromatic residues were consumed (60 minutes), measured by their emission at 405 nm. The structural and chemical changes on insulin molecule are related to the loss of biological activity as assessed by measuring the increase of U-14 C-glucose utilization by human adipose tissue in a radiorespirometry system. The oxidation of glucose ( 14 CO 2 production) of the adipose cells was increased 35 % (301 +/-119 to 407 +/-182 cpm/mg in dry weight. P < 0.05) in presence of 0.1 IU and 69 % (301 +/-119 to 510 +/-266 cpm/dry weight. P < 0.05) for 1.0 IU of insulin. The recombinant human insulin oxidized for 5 minutes only increased the glucose oxidation by 25 %. In conclusion, these observations show that dityrosine formation and other oxidative chemical changes of insulin due to its in vitro oxidation decrease and can abolish its biological activity.
ABSTRACT
The formation of dityrosine of human insulin oxidized by metal-catalyzed oxidation system (H 2 O 2 /Cu) was estimated by fluorescent methods. The oxidation of tyrosine and phenylalanine residues present on the insulin molecule was evident after 2 minutes of in vitro oxidation due to the formation of protein-bound dityrosine. The success of oxidative protein modification was followed until available aromatic residues were consumed (60 minutes), measured by their emission at 405 nm. The structural and chemical changes on insulin molecule are related to the loss of biological activity as assessed by measuring the increase of U-14 C-glucose utilization by human adipose tissue in a radiorespirometry system. The oxidation of glucose ( 14 CO 2 production) of the adipose cells was increased 35 % (301 +/-119 to 407 +/-182 cpm/mg in dry weight. P < 0.05) in presence of 0.1 IU and 69 % (301 +/-119 to 510 +/-266 cpm/dry weight. P < 0.05) for 1.0 IU of insulin. The recombinant human insulin oxidized for 5 minutes only increased the glucose oxidation by 25 %. In conclusion, these observations show that dityrosine formation and other oxidative chemical changes of insulin due to its in vitro oxidation decrease and can abolish its biological activity.
INTRODUCTION
Proteins in living entities are subject to continuous turnover as well as biochemical changes, by different kinase and phosphatase systems (1) resulting in multi-functional capacities. These biochemical modifications might change structural properties and biological function due to the continuous interaction with physical and chemical factors including free radicals (2) and other reactive oxygen or nitrogen/chlorine species. Such changes might contribute to the onset and/or development of several chronic diseases through oxidative stress and oxidant damage (3). These processes have been implicated in cancer (4), atherosclerosis (5), degenerative diseases and diabetes.
Oxidative stress results from imbalance between the production of reactive species and antioxidative events. Sies (6) defined it as a disturbance in the prooxidant/antioxidant balance in favor of the former, potentially leading to tissue damage. The damage to proteins by reactive species during oxidative stress (7) may be important in vivo since it can affect the function of receptors, enzymes, antibodies (8) transport proteins (9) and hormones (10) . Recently, we demonstrated that in vitro exposure of insulin to reactive oxygen species (ROS), induced chemical and structural changes leading to an increased concentration of: 1) free carbonyl groups, 2) peroxidation products, formed on amino acids side branches (peroxyl and alcoxyl group) and 3) phenylalanine hydroxylation producing tyrosine, affecting insulin immunoreactivity (11) .
Considering the oxidation susceptibility of human insulin, in vitro as well as in vivo, during circulation due to the presence of ROS generating systems, particularly in diabetic patients, the purpose of the present work was to (i) provide new data on the molecular changes induced by in vitro generated hydroxyl radicals on human insulin considering particularly changes in their aromatic residues: tyrosines , and phenylalanine (11) , leading to the formation of dityrosine (12) , conducing to protein aggregation, cross-linking, and fragmentation; (ii) evaluate the impact of the hydroxyl radical induced structural changes (11) on the biological action of insulin, measured by the glucose-14 C utilization by human adipose tissue (radiorespirometry) in presence of human insulin, compared it to the chemically modified hormone and (iii) demonstrate the correlation of insulin oxidation with its chemical and biological consequences.
MATERIALS AND METHODS

Reagents
Human recombinant insulin (Humulin*R. Lilly) was obtained from Lilly Lab. México; H 2 O 2 , CuSO 4 , trichloracetic acid (TCA), were obtained from Sigma (St. Louis, MO, USA).
Hydroxyl (HO) radical generation
Hydroxyl radical generation was obtained from the Fenton reaction (10), using the following mixture: 5 mM H 2 O 2 , 4.0 mM CuSO 4 , 5 IU of single human recombinant insulin (33.5 nanomol = 194.55 µg) in water. After different times of incubation (0-60 min) at 37°C, the reaction was stopped by the addition of 5 % TCA and centrifuged at 3500 rpm. The pellet was washed twice by centrifugation with 2.5 % TCA and finally re-suspended in one ml of tris-hidroximethyl-aminometane-NaOH (90 mM) pH 8.5.
Dityrosine production
The suspension was utilized for protein-bound dityrosine production measured by fluorescence. The fluorescence excitation spectra of dityrosine was recorded from 280 to 370 nm using a PTI (Photon Technology International) spectrofluorometer, maximal emission was measured at 405 nm. The following control groups were used and all the evaluations were made comparing emission of samples and controls: a) insulin + H 2 O, b) insulin + CuSO 4 , and c) insulin + H 2 O 2 .
Subcutaneous fat tissue
All procedures were approved by Institutional Research and Ethics Board. The samples of abdominal adipose tissue were removed from healthy pregnant women (18-34 aged) during abdominal cesarean section deliveries. The tissues samples were placed in a flask containing cold Krebs-Ringer buffer pH 7.4. The tissue were cut and weighted in order to obtain samples of 500 mg that were added to the main chamber of the Warburg flask.
Radiorespirometry
A Gilson differential respirometer adjusted to 37 ± 0.1 °C was used for radiorespirometry (13). 5 ml Warburg flasks were used and the following materials were added: 0.1 ml of 2 M KOH (adsorbed into a 1 cm 2 filter paper) to the center well; 0.1 ml of 2 M perchloric acid to the side arm , and 0.5 ml (containing 500 ± 20 mg of subcutaneous tissue) of the tissue samples into the main chamber. As substrate, 0.1 ml U 14 C-D(+)glucose (New England Nuclear CO.), containing 5 µmol of the hexose (specific activity 0.02 µCi/µmole) were added. Incubations were carried out in presence of different insulin concentrations (0-1.5 IU) comparing the responses obtained utilizing native or oxidized hormone.
Finally, the volume was adjusted to 1 ml with Krebs-Ringer pH 7.4 in all flasks. After incubation (0 to 1.5 h) the reaction was stopped by pouring in the perchloric acid solution. Flasks were let undisturbed 30 min in order to allow the complete diffusion of CO 2 into the center well filter paper, the flasks were opened and substrate oxidation was calculated by counting the CO 2 trapped in the center well filter paper. A liquid scintillation spectrometer LKB Wallac 1209 Rackbeta was used for counting the 14 CO 2 . The flasks contents were homogenized with a Politron homogenizer, aliquots of homogenized tissues were used as reference parameter measuring dry weight (14).
Statistical analysis
Data were expressed as mean ± SD. Data were analyzed by ANOVA and Bonferroni post test using the Prism 2.01 software (GraphPad, San Diego, CA, USA); the different groups studied were compared at each incubation time. A p value less than 0.05 was considered statistically significant.
RESULTS
Quantification of dityrosines
For dityrosine characterization: we determined the optimal conditions for insulin oxidation as assessed by dityrosine concentrations related to the time of exposition to the oxidant medium. As shown in figure 1 ; the presence of dityrosine was detected at 320 nm of excitation since minute 2 of insulin oxidation. Figure 2 shows the values obtained utilizing the emission data obtained from 0 to 60 minutes, expressed as arbitrary units of fluorescence. The insulin oxidized by metal-catalyzed oxidation system (H 2 O 2 /Cu 2+ ) showed a time-dependent increase in dityrosine, whereas such an increase was not obtained when H 2 O 2 or CuSO 4 were utilized independently (controls). Figure 3 shows the over-all production of 14 CO 2 from U-14 C-glucose utilized as substrate for human adipose tissue in presence of different concentrations of insulin (0-1.5 IU). The adipose tissue in absence of insulin produced Figure 3) ; the effect was not increased at higher insulin concentrations. On figure 4 we show the comparative effect of oxidized insulin at different times; the results obtained at 5 minutes showed that the biological effect of insulin on glucose utilization was 83 % less (from 662 to 336 cpm/mg dry weight) compared to native insulin. AUF (arbitrary units of fluorescence). Mean ± SD, n = 3.
Radiorespirometry
DISCUSSION
Oxidative damage to proteins (15) may be important in vivo both, directly (affecting the function of receptors, enzymes, transport proteins, generating new antigens that can provoke immune responses) and indirectly because it can contribute to secondary damage to other biomolecules (16) .
Free radical attack on proteins can generate amino-acid radicals, which may crosslink or react with O 2 to give peroxyl radicals. These may subtract H, triggering the formation of more free radicals and forming protein peroxides, which can decompose in complex ways, accelerated by transition metal ions, generating more radicals (17) . Oxidation of amino acid residues such as tyrosine, leading to the formation of dityrosine, protein aggregation, cross-linking, and fragmentation, is an example of ROS damage in vitro. In contrast, evidence of the presence of such oxidatively damaged proteins in vivo and their possible clinical significance was still lacking until recently (12) . In this work in order to demonstrate another structural chemical changes induced to the human insulin (11) and their possible relation with the oxidative stress present during the diabetes (18), we were able to characterize the formation of dityrosine-containing protein cross-linking products designated as advanced oxidation protein products (AOPP) (19) in the human insulin oxidized by metal catalyzed oxidation system (20) , utilizing copper as transition metal ( Figures 1,2) ; these structural changes added to those previously described (11) are related to a decrease of insulin biological activity, measured as glucose oxidation by adipose tissue (Figure 4) .
Our results showed (Figure 1 ) an increase in fluorescence emission spectra related to oxidation time. Insulin was oxidized at different insulin/time ratios to induce differential oxidative modification. The dityrosine formation is detected after 2 minutes of oxidation and the emission increase at 4, 6, 20 and 60 min. The hydrogen peroxide in our system was unable to induce dityrosine formation due its quickly decomposition to water and atomic oxygen, however it is important to emphasize that the continuous flux of H 2 O 2 produces oxidative modifications on erythrocytes and oxyhemoglobin. The main fragments formed were identified as oxidation products of tyrosine, including dopamine, dopamine quinone, and dihydroxyindol and dityrosine (21) . Further release of these oxidation products including dityrosine was only seen after proteolytic degradation of the oxidatively modified protein.
Dityrosine crosslink formation of insulin might explain the observed insulin-aggregates formed during copper/H 2 O 2 -mediated oxidation. Similar complexes were obtained during copper/H 2 O 2 oxidation carried out utilizing the major element of neuronal cytoskeletons (Neurofilament-L) and known to be important for neuronal survival in vivo (22) .
The biological effect of insulin was evaluated utilizing human insulin-dependent tissue, the viability of figure 2 and corresponds to 14 CO 2 generation in absence of insulin. The addition of 0.1, 1.0 and 1.5 IU of insulin significantly increased the glucose utilization. The increase of glucose utilization induced by insulin is evident. This effect is drastically decreased within 5 minutes period oxidation of insulin, after this time, the glucose utilization disappeared (Figure 4) . The structural modifications on insulin molecule including hydroxilation of tyrosine and phenylalanine residues, carbonyl exposition and pro-oxidant properties were previously demonstrated (11) , and the new evidences of AOPPs formation detected as dityrosine, affect the metabolic function of insulin related to the utilization of glucose by a insulin-dependent tissue.
In summary, we previously reported molecular changes in insulin (11) and those findings were confirmed in this study. The functional alteration of insulin caused by structural modification due to protein glycation (23) , hydroxyl radicals and dytirosine formation may explain the diminished insulin efficiency in diabetes mellitus. These effects are related to the oxidative stress due to increased ROS generation including those produced by the hyperglycemic condition (24) observed during the insulin resistance and diabetes mellitus. 
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